Abstract -T h e microwave dispersion a n d absorption spectra are discussed f o r various p r o t i c a n d aprotic electrolyte solutions a n d t h e i r solvents over large frequency ranges, in general 0.9-90 GHz. Wider frequency ranges a r e covered f o r water (0.9-409 GHz) and f o r methanol, N-methylformamide, md N,N-dmethylformamide ( a l l 0.9-293 GHz). T h e role of insufficient f r equency coverage i s c r i t i c a l l y discussed.
INTRODUCTION
Dielectric relaxation studies on liquid systems are an efficient tool t o investigate t h e s t r u ct u r e o f solutions and t h e dynamics o f molecular interactions. Examples o f application a r e t h e determination o f orientation-correlation functions o f simple dipolar liquids p e r m i t t i n g t h e t e s t of liquid state models [ l ] o r t h e investigation o f solvation dynamics a n d charge t r a n sf e r kinetics [ 2 ] . Biochemistry is interested in t h e s t u d y o f water/ion/biomolecule interactions [3, 4] . Physical chemistry o f electrolyte solutions receives a wealth o f information on t h e effect o f ion-ion, ion-solvent a n d solvent-solvent interactions o n s t r u c t u r e a n d dynamics [5, 6, 7] .
In t h i s contribution recent r e s u l t s o f systematic studies on aqueous a n d non-aqueous electrolyte solutions are r e p o r t e d revealing t h e broadness o f cognition about such systems available f r o m a sufficiently large frequency coverage in t h e microwave range, but also pinpointing common features o f d i f f e r e n t solvent classes.
FREQUENCY DEPENDENCE OF PERMITTIVITY AND ELECTRIC POLARIZATION

Dielectric relaxation data a r e obtained from t h e application o f a time-dependent electric f i e l d t o a sample a n d registration o f i t s response t o t h e p e r t u r b a t i o n which i s g i v e n by t h e Maxwell relations. T h e observable q u a n t i t y i s t h e electric polarization where c0 and E are t h e p e r m i t t i v i t y o f t h e vacuum and t h e relative p e r m i t t i v i t y o f t h e sample, respectively; Z ( t ) i s t h e s t r e n g t h of t h e applied electric field.
A t molecular level k ( t ) i s t h e consequence o f two effects. A f i r s t contribution t o P, orientational polarization p,,, stems from t h e alignment o f t h e permanent molecular dipole moments Gi which are orientated in t h e applied f i e l d against thermal motion. T h e motion o f charged particles affecting t h e electroneutrality o f t h e solution, and effects a r i s i n g f r o m chemical reactions which involve dipole moment changes a r subsumed t o t h i s c o n t r i b u t i o n . T h e second contr$ution t o p, called induced polarization fa, stems f r o m t h e in$uctionof a dipole moment pi ind in e e r y molecule of t y p e i due t o its pol r i z a b i l i t y a i : vi,ind=ai l?.lt i s enerally assuhed t h a t $cl a n d pa are linearly independent. #,, follows changes o f t h e f i e l d ? ( t ) without d lay in t h e time scale o f dielectric experiments up t o f a r -i n f r a r e d frequencies, in contrast t o j,,. Therefore t h e induced contribution can b e characterized a t microwave f r e -2207 P ( t ) = Eo(E -1). JW ( quencies by a constant quantity, t h e so-called i n f i n i t e frequency p e r m i t t i v i t y Em( s.eq. ( 2 a ) ) . T h e time evolution o f ?p,(t) ( s . e q . ( 2 b ) ) , and hence also that o f p ( t ) i s characteristic f o r molecular reorientation, charge migration, and chemical reactionsin t h e liquid.
Two experimental approaches a r e possible t o t h e search o f information, time-a n d frequencydomain methods. F o r either method experimental difficulties arise from t h e time scale f o r molecular motions in liquids, r a n g i n g f r o m about 0.1 p s t o several nanoseconds. T h i s i n t e r v a l corresponds t o frequencies in t h e microwave region from a few megahertz t o several terahertz. F i g u r e 1 informs about frequency regions and respective processes c o n t r i b u t i n g t o t h e p e r m i t t i v i t y o f electrolyte solutions and t h e i r solvents. 
t i n g t o t h e p e r m i t t i v i t y o f liquids and sol-
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In a time-domain experiment a f i e l d jump i s applied t o t h e sample a t time to=O. T h e orientational polarization o f t h e sample relaxes t o i t s new equilibrium, controlled by a s t e p r esponse function F o r ( t ) P (3a.b)
Fp(t) = gp(0). F p O r ;
T h e response function i s characteristic f o r t h e u n d e r l y i n g processes. In t h e case o f a f i r s t o r d e r law f o r t h e polarization decay
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t h i s i s t h e exponential decay f u n c t i o n FO$(t) = e x p ( -t / r ) w i t h relaxation time T . Usually,however, more complicated functions a r e f o u n d which must b e deconvoluted i n t o normal modes.
Obviously, t h e step r e s onse function, by i t s definition, eqs. ( 3 ) . concerns a phase property, namely t h e polarization lp( t ) of t h e sample; t h e corresponding macroscopic relaxation time T i s related t o t h e reorganization o f t h e phase s t r u c t u r e a f t e r a perturbation. T h e s t u d y of molecular processes requires microscopic (molecular ) relaxation times TI; f o r dipole reorientation t h e microscopic relaxation time TI i s defined by t h e orientational correlation f u n c t i o n Actually t h e r e i s no satisfactory general t h e o r y p e r m i t t i n g t h e conversion o f measured r elaxation times T * t o molecular relaxation times ?*. T h e estimation o f t h e cross-correlation effects due t o t k e long-range n a t u r e o f dipole-dipole interactions, necessary f o r a p r o p e r conversion of F F t o 9 , i s s t i l l a matter of discussion. In cases where t h e reorientation o f t h e molecular dipole moment can b e described by a rotational diffusion motion, t h e molecular relaxation time can b e approximated w i t h t h e help of t h e Powles-Glarum relation . With modern equipment, dielectric spectra in t h e range f r o m 10 MHz t o 10 GHz can b e recorded w i t h i n a few minutes w i t h an accuracy of several percent.
Frequency-domain methods probe relaxation processes by t h e application o f harmonic fields t(t)=t0 e x p ( i w t ) , o f frequency v , w = 2 TIV . Dielectric relaxation leads t o amplitude reduc-t i o n and phase s h i f t of t h e propagating wave and hence of t h e frequency-dependent orientational polarization o f t h e sample. A frequency-dependent complex p e r m i t t i v i t y E ( v ) (Fig.2) by a t h r e e dimensional c u r v e ( E ' , E~' , v ) o r i t s projections in t h e (E',v)-plane, t h e dispersion curve, in t h e ( E",w )-plane, t h e absorption (loss) curve, and in t h e (E',E")-plane, t h e A r g a n d diagram. In Fig.2 ( E -E~) i s t h e dispersion amplitude of t h e process; i t s relaxation time i s calculable from t h e frequency at t h e maximum o f t h e absorption c u r v e o r t h e frequency at t h e inflection point of t h e dispersion curve. Here n i s t h e number of separable dispersion steps j of relaxation time ~i a n d weight c o n t r i b u t i n g t o t h e total dispersion from t h e static value E = E~ t o Em=limv+mE'.
The parameters ai>O and P j < l describe either a symmetric o r asymmetric d i s t r i b u t i o n o f r elaxation times f o r process J . In o u r experience it i s always possible t o fit such a semi-empirical relaxation model t o experimental spectra, p r o v i d e d librational and inertial effects do n o t contribute appreciably, i.e. w should n o t exceed 300-500 GHz. Admittedly, such models cann o t always claim a physical basis.
EXPERIMENTAL M E T H O D S A N D DEVICES
There i s a v a r i e t y of methods f o r t h e determination o f complex permittivities in t h e frequenc y domain; a review i s g i v e n by Kaatze and Giese [ 11 1 . A drawback of all devices i s t h e limited frequency coverage. T r u e b r o a d band experiments can only b e performed in t h e f a ri n f r a r e d f o r frequencies above 300 GHz ( 5 cm-1) u s i n g dispersive Fourier transform spectrometry ( D F T S ) [12] , and on t h e low frequency side w i t h time domain spectroscopy ( T D S ) o r newly emerging vector network analyzer techniques [ 1 3 ] . Actually t h e gap between about 10 GHz a n d 300 GHz must be b r i d g e d by conventional microwave equipment based on waveguides t o get high q u a l i t y data. Here, t h e major inconvenience i s t h e limited range of f r equencies transmissable in a specified waveguide. In t h e authors' laboratory f i v e waveguide a n d one coaxial apparatus i s used t o cover t h e frequency range from 0.9 t o 89 GHz. Difficulties also arise from machining t h e cell and t h e necessary s u r r o u n d i n g s w i t h sufficient accuracy. T h i s i s especially t r u e f o r v>50 GHz.
Due t o t h e demanding technical problems, complex p e r m i t t i v i t y measurements a t intermediate frequencies, between 20
GHz and 300 CHz are scarce. However, t h e r e i s an increased interest in t h i s region since in t h e corresponding time scale, 0.5-5 ps, t h e transition occurs from fast librational motionsto t h e slow d i f f u s i v e mode; inertial effects should c o n t r i b u t e t o t h e spectra, and f a s t processes connected w i t h hydrogen-bond dynamics o r intramolecular reorientation take place. F o r liquids o f moleculeswith high dipole moment, sucb as methyl chloride, also an excess absorption was found, which i s n o t understood a t t h e moment[l4,15].
F o r electrolyte solutions t h e ohmic current, characterized by t h e specific conductance a t static fields, K, poses an additional problem in t h e determination of complex permittivities. From t h e solution o f Maxwell's equations follows t h a t o n l y a generalized complex p e r m i t t i v i t y e ( v ) i s experimentally accessible. : summarizes t h e effects of ohmic and displacement currents, which b o t h depend on t h e frequency o f t h e electric field. a set up of
However, t h e dispersion of conductivity i s v e r y small. Actually, f o r t h e lack o f b e t t e r information, t h e generally accepted procedure t o separate ? ( v ) i s t o assume frequency inde-
The static c o n d u c t i v i t y K can either b e treated as an adjustable parameter or, as it i s done in o u r laboratory, determined in a separate experiment w i t h high precision ( < 0 . 1 % ) [18] . Due t o t h e proportionality in v-1, t h e conductivity t e r m poses a severe problem f o r t h e determination o f E" a t low frequencies, as it can b e seen in Fig.3 .
In t h e authors' laboratory t h e equipment covering t h e range 0.95-89 GHz, based on t h e m e t hod of t r a v e l l i n g waves, i s optimized f o r t h e high dielectric losses commonly f o u n d in electrol y t e solutions [7, 16] . It was successfully used t o s t u d y systems w i t h static permittivities r a n g i n g f r o m 186 ( N-methylformamide) down t o 7 ( i n methanol/tetrachlormethane-mixtures) .
For frequencies up t o 40 CHz,the accuracy i s b e t t e r t h a n 1.5 % f o r q' and 2.5 % f o r q''; f o r t h e E-Band machine (60-90 CHz) approximately 3 %, depending somewhat on t h e system studied, i s realistic f o r b o t h q ' and q". T h e time window accessible w i t h t h i s equipment i s from about 1.5 p s t o 200 ps, if no additional information from other sources i s available, but reasonable relaxation parameters up t o 360 p s and down t o 0.7 p s could b e extracted in faw u r a b l e cases [19, 20] . Table 1 which summarizes t h e results obtained in o u r labo r a t o r y w i t h increasing frequency coverage. T h e second column of t h e table shows t h e r elaxation model which yields t h e best fit of t h e data between 0.95 GHz a n d t h e u p p e r frequenc y vmax. In Fig.4 t h e loss c u r v e s calculated w i t h t h e parameters o f Table 1 are compared w i t h t h e experimental data. show t h e experimentally accessible data q" vs. E'; c u r v e s 2 and 4 are t h e corresponding diagrams & " vs. E' a f t e r conductance correction (eqs. ( 11 ) ) . T h e b r o k e n lines ( f r o m l e f t t o r i g h t ) a r e t h e individual cont r i b u t i o n s o f solvent o r ion-pair relaxation and conductance.
ACCESSIBLE FREQUENCY RANGE AND RELAXATION MODEL
From t h e preceding discussion it i s evident t h a t t h e frequency range accessible t o t h e experiment will critically affect t h e choice o f t h e relaxation model, which i s suitable t o fit t h e data. T h i s i s exemplified f o r methanol in
at 25% a n d spectra ( c u r v e s 1 t o 4 ) calculated w i t h t h e parameters of Table 1 . F o r explanation see t e x t .
Obviously, t h e number of dispersion steps increases from n=l t o n=3 w i t h increasing Vmax. T h i s i s not necessarily a c r i t e r i o n f o r t h e approach t o t h e "true" relaxation behaviour. Table  1 shows t h a t t h e dispersion amplitudes A&j=~;;j+l of t h e f a s t processes, j=2,3, are small compared t o t h e dominating slow process an cies, v * -1 / ( 2 n.rj).is comparable t o t h e half-widths of t h e corresponding loss curves. In such a situa&on t h e r e s u l t of t h e fit, especially f o r t h e intermediate dispersion step, c r i t i c a l l y depends on t h e quality o f t h e data.
From t h e pioneering w o r k o f Garg a n d Smyth [ 2 3 ] it i s known t h a t t h e h i g h e r linear alcohols (1-propanol t o l d o d e c a n o l ) e x h i b i t t h r e e d i s t i n c t dispersion steps. Such a behaviour i s also f o u n d f o r ethanol and 2-propanol where t h e parameters also show a reasonable dependence o n chain-length [ 191. One may argue whether t h e use o f Debye equations UP to 10 cm-l i s possible; irrespective t o t h i s doubt, t h e fit allows a continuous match o f microwave a n d f a ri n f r a r e d data, as shown in Fig.4 . No f u r t h e r relaxation process i s probable in t h e frequency range studied. T h e sniall discrepancy between t h e zero-frequency p e r m i t t i v i t y o f t h e 3-Debye fit, &=32.50, a n d t h e static p e r m i t t i v i t y value of methanol determined w i t h conventional techniques, &,=32.63 [ 1 8 ] , could b e an indication f o r a small relaxation time d i s t r i b u t i o n f o r t h e main dispersion step. However, t h i s small effect can o n l y be clarified by additional experiments below 0.9 GHz. A serious argument f o r t h e assumption o f t h r e e dispersion steps o f Debye t y p e f o r methanol is, t h a t o n l y t h i s model permits a consistent interpretation o f elect r o l y t e data [ 161.
e difference between t h e relaxation frequenMolecular processes in electrolytes at microwave frequencies 
RELAXATION MODEL A N D SOLVENT STRUCTURE
A possible interpretation o f t h e relaxation behaviourof methanol i s suggested by t h e s t r u ct u r e of t h e liquid, which i s dominated by winded chains o f hydrogen-bonded molecules [19] . [24] . '12 is compatible w i t h t h e reorientation of single alcohol molecules at t h e chain ends a n d / o r monomers. T h i s is supported by NMR experiments which y i e l d a characteristic time f o r t h e rotational motion o f 6.6 p s [25] , whereas 10.2 p s are obtained w i t h quasielastic neutron scattering [ 2 6 ] . T h e main relaxation process w i t h t h e relaxation time TI , is cooperative in nature. T h e r a t e i s determined by t h e low probability f o r an end-standing molecule on a polymeric alcohol chain t o find an appropriate donor o r acceptor site on an adjacent chain. This process leads t o a change in polarization, since t h e vectorial sum o f t h e involved dipole moments will change markedly. Such a mechanism does n o t o n l y apply t o t h e alcohols, but also t o N-methylformamide, water and formamide [20] . Due t o t h e h i g h e r numb e r o f donor sites, which i s reflected in t h e two-dimensional s t r u c t u r e o f formamide a n d t h e spacefilling network o f water, cooperative process, '1, a n d molecular reorientation, '12, are n o t resolved a n d o n l y t w o dispersion steps can b e found. T h e s h o r t relaxation time of water, T 2 = 1.02 p s i s close t o t h e l i f e time of a hydrogen bond, ~~~= 0 . 
-Band region. Such an increased absorption a t high frequencies, r e s u l t i n g in an asymmetric band shape, i s also f o u n d f o r DMSO and propylene carbonate [20] . A reason f o r t h i s excess loss may b e t h e mechanism o f cooperative adiabatic reorientation in clusters suggested by Cerschel e t al. [ 14, 151 ; additional f a r -i n f r a r e d data a r e necessary t o c l a r i f y t h e problem.
THE INFLUENCE OF ELECTROLYTES O N SOLVENT PERMITTIVITY Typical f o r electrolyte solutions is t h e lowering o f t h e static solvent p e r m i t t i v i t y cS, specific f o r t h e dissolved electrolyte, Fig.5, which can usually b e f i t t e d t o a polynomial o f t h e t y p e
e,(c) = e,(O) -6c * c -t j3 * c"; n = 2 or 3/2 (12) Besides volume effects ( @ I , which may become important f o r salts w i t h big ions such as t e t r abutylammonium perchlorate in acetonitrile, Fig. 5b ( c u r v e 
41, t h e dielectric depression is caused by irrotational bonding ( 1 6 ) o f t h e ions and by k i n e t i c depolarization ( K D ) . T h e theoretical concepts developed f o r t h e contributions o f I B [28,29] and KD [30,31] apply a t t h e limit o f i n f i n i t e dilution, so t h a t data o f good q u a l i t y a t low electrolyte concentrations are needed t o determine reliable values of 6, f o r t h e discussion. Actually no unifying t h e o r y o f t h e dielectric decrement is available, although a promising approach t o t h i s problem has been
proposed by Patey and coworkers, see r e f . [32] a n d l i t e r a t u r e quoted therein. 
. Static p e r m i t t i v i t y of t h e solvent, E~, as a function of electrolyte concentrationat25°C It i s generally assumed t h a t t h e aformentioned effects c o n t r i b u t e additively t o t h e experimerr tal decrement Kinetic depolarization arises f r o m t h e opposite directions in which ion and s u r r o u n d i n g p o i n t charges, making up t h e solvent dipoles, move in an external field. In t h e continuum t h e o r y of Hubbard a n d Onsager [ 3 3 ] t h e r e s u l t i n g t o r q u e on t h e dipoles leads t o a decrease of sol-
v e n t permittivity, AcS= E~( c ) -
which i s proportional t o t h e specific conductance c of t h e sample, a n d also t o a decrease o f ionic mobility. In an improved form of t h e t h e o r y [30], can b e w r i t t e n f o r a Debye-type relaxation of t h e solvent as follows
The parameter p characterizes t h e hydrodynamic boundary conditions of slip ( p = 2 / 3 ) o r stick ( p = l ) ionic movement. A n extension t o superimposed Debye processes such as f o u n d f o r mixed solvents and extensive tests on literature data o f ionic mobilities were made by lbuki a n d Nakahara [34, 35] . According t o eq.(14) t h e depolarization factor 5 o f t h e continuum t h e o r y does n o t depend on t h e n a t u r e of t h e ion, in contrast t o experimental r e s u l t s [ 5 ] . T o overcome t h i s problem Hubbard, Colonomos and Wolynes [ 301, suggested a microscopic theory which predicts a pronounced dependence of 5 on t h e ionic radius, w i t h t h e slip r es u l t of eq.(14) as t h e limiting case f o r large radii. Actually o n l y results f o r water a n d methanol are available. F o r a consistent discussion of &,-data of various solvent systems we will therefore confine o u r analysis t o t h e continuum approach.
lrrotational bonding i s due t o t h e high f i e l d s t r e n g t h in t h e vicinity of t h e ionic charge which leads t o a symmetric polarization (dielectric saturation ) o f t h e s u r r o u n d i n g solvent dipoles, r e s u l t i n g in a decrease of t h e number of molecules which are able t o reorientation in t h e external field, T h i s effect i s correlated w i t h solvation; however, "solvation numbers" obtained by t h i s method are n o t necessarily equal t o results f r o m other methods, especially scattering data o r computer simulations, since t h e d i r e c t i n g force o f t h e ion extends beyond t h e f i r s t coordination sphere.
According t o Lestrade et al. [ 2 9 ] , a solvation number ZL can b e calculated w i t h t h e help o f t h e relations (15a.b)
In eqs. (15) p i s t h e number density of t h e solvent at electrolyte concentration c, po i s t h e number density o f t h e p u r e solvent. Gzt= 6 : -62B i s t h e dielectric decrement c o r r e c t e d f o r kinetic depolarization (see eq. (14) 1 . Using slip boundary conditions, t h i s approach yields a consistent series of ionic "Lestrade numbers" f o r t h e few electrolytes in methanol studied so f a r in t h e complete frequency range of o u r laboratory: Z~(C01;)=0, ZL( Bu4N+)=O, ZL(NH$=O. z~( N a + ) = 7 , and Z~( B r -) e 7 . A Lestrade number of zero f o r t h e ammonium ion seems s u r p r i sing, because t h i s ion i s able t o f o r m hydrogen bonds t o t h e solvent, but o u r finding i s corroborated by t h e relaxation times a n d i n f r a r e d studies [36] .
For ayueous solutions, again w i t h p=2/3, Lestrade numbers ZL(CI-)=ZL(CIO~)=O. ZL(SOZ-)=~, ZL(Na )=5, Z~( M g 2 + ) = 1 5 , and Z~( C d 2 + ) = 1 2 are obtained. In a discussion of t h e concentration dependence of t h e main relaxation time ~~1 , hydrogenbonding liquids must be distinguished from dipolar aprotic solvents. T h e latter usually exhibit only one dispersion step, eventually w i t h a relaxation time d i s t r i b u t i o n [19, 20] , and ~~1 increases monotonously w i t h concentration. T h i s i s exemplified in Fig.7 -t h i s q u a n t i t y i s accessible from t h e ion-pair i s used in t h e calculation o f cr, t h e 'pitial slope o f acetonitrile -but in some cases over t h e enfor rotational diffusion of single molecules as t h e relaxation mechanism. In eq.(16), V i s t h e molecular volume and f l i s related t o t h e r a t i o of t h e principal axes of t h e rotational ellipsoid representing t h e solvent molecule. T h e empirical factor C ( C = l f o r s t i c k boundary conditions) couples t h e microscopic viscosity f e l t by t h e reorienting particle t o macroscopic viscosity. From o u r dielectric relaxation studies on electrolyte solutions in t h e dipolar aprotic liquids propylene carbonate [37], DMSO, DMF, a n d acetonitrile, we obtain C<O.l f o r all solvents. T h i s suggests t h a t t h e reorientational motion of t h e solvent molecules i s much less affected by ion-solvent interactions t h a n t h e viscous flow. (Fig.7 ) a n d on t h e n a t u r e o f t h e solu t e ( F i g . 8 ) . According t o t h e few data available, ~~1 o f N-methylformamide monotonously decreases w i t h increasing electrolyte concentration [ 39, 40, 16] , whereas f o r methanol solutions a maximum o f T~~( C ) , although n o t v e r y pronounced f o r sodium salts, seems t o b e charact e r i s t i c [5, 9, 16] (cf. Fig.7 , c u r v e s 5,6). T h i s suggests t h a t t h e long range o r d e r in these solvents t h r o u g h winding hydrogen-bonded chains i s b r o k e n up in t h e amide, whereas in t h e alcohol t h e bulk s t r u c t u r e i s relatively unaffected o r even s l i g h t l y stabilized a t low concentrations. Such a r e s u l t f o r t h e alcohol i s corroborated by simulation studies o f Jorgensenetal. [40] , who find a s t r o n g interaction of t h e sodium ion w i t h s i x solvent molecules in i t s primary coordination sphere, but n o effect on t h e bulk s t r u c t u r e beyond t h e f i r s t shell. A t high cr-ratios, t h e s t r o n g interaction o f a Na+-ion w i t h s i x methanol molecules p r e v e n t s t h e maintainance o f t h e bulk solvent s t r u c t u r e and t h e s t r u c t u r e b r e a k i n g effect o f ion-solvent interactions dominates.
F i g u r e 6 compares t h e effect of NaC104 on d i f f e r e n t solvents. In t h i s g r a p h t h e scaled static p e r m i t t i v i t y o f t h e solvent, E~= E~( c ) / E~( O ) i s plotted against t h e relative concentration o f t h e
Due t o i t s cooperative nature, t h e principal relaxation time o f hydrogen-bonding liquids i s intimately l i n k e d t o t h e s t r u c t u r e o f these systems. From Figs.7 a n d 8 it i s obvious, t h a t t h e effect o f added electrolyte depends b o t h on t h e solvent
Formamide solutions e x h i b i t either a s l i g h t l y decreasing (Nal [40] ) o r increasing relaxation time ~~1 ( c ) ( L i N 0 3 [39] , NaC104 [ 161, cf. Fig. 7 , c u r v e 4 ) . T h e relative change i s smaller, about 10 % f o r 1 M solutions, t h a n f o r dipolar aprotic and chain forming solvents; it i s comparable t o t h e behaviour o f aqueous electrolytes, cf. Fig.8 . Obviously, t h e cooperative dynamics of t h e two-dimensional (formamidel o r three-dimensional (water 1 hydrogen-bonded networks is f a i r l y insensitive t o ion-solvent interactions in t h e concentration range studied; t h e same conclusion must be t r u e f o r t h e i r s t r u c t u r e . F i g u r e 8 shows t h e influence o f t h e cation on t h e cooperative dynamics o f aqueous Cd-salt solutions. T h e increase o f ~~1 f o r CdSO4 o r t h e constancy f o r CdCI2, b o t h salts undergoing s t r o n g ion-pair formation, in contrast t o Cd(C104)2, i s p a r t i a l l y an effect of ion-pairing, but d i f f e r e n t rates f o r t h e solvent exchange between bulk a n d p r i m a r y cation coordination sphere should b e of similar importance. A consistent t h e o r y i s s t i l l lacking.
Characteristic f o r all hydrogen-bonding liquids studied over a sufficiently large frequency range i s t h e emergence of a f a s t relaxation process o f Debye t y p e centered in t h e 60 t o 200 CHz region, which must be assigned t o t h e dynamics o f t h e h y d r o g e n bond. T h e strongest argument t h a t t h i s process i s due t o specific solvent-solvent interactions i s exemplified in Fig.9 for methanol. For all systems studied so far, t h e f a s t relaxation time ~~3 IS specific f o r t h e solvent (1.02 p s f o r water, 1.12 p s f o r methanol, 0.78 p s f o r NMF, and 1.16 p s f o r formamide), but independent o f t h e concentration and t h e n a t u r e o f t h e dissolved electrolyte.
T h e intermediate relaxation times 'lS2 o f methanol, ~,2=7.1 ps, a n d NMF,rS2=7.9 ps, a r e compatible w i t h t h e reorientation o f single molecules. F o r monomers a dependence o n viscosity predicted by eq.(16) could b e expected and t h i s i s indeed f o u n d f o r NaC104 solutions in NMF [16] , in contrast t o methanol solutions. Due t o t h e small dispersion amplitude, t h e e r r o r in 'fs2may be in t h e o r d e r of 20 % (cf. t h e scatter of t h e NaClOq-data in Fig.9 ). Nevertheless, a significant maximum of ~~2 a t low electrolyte concentrations i s f o u n d f o r all methanol solutions studied, except NH4Br. where t h e relaxation time i s constant. It must b e concluded, t h a t t h e intermediate relaxation process predominantly probes -a t least f o r methanol -t h e motion of molecules situated a t t h e ends of hydrogen-bonded chains and t h e solvent exchange in t h e solvation shell. T h i s argument i s corroborated by simulation studies [24] a n d r e s u l t s from vibrational spectroscopy C42.431, which find o n l y a negligible concentration of monomers in t h e p u r e liquids. T h e fact, t h a t t h e addition o f ammonium bromide t o methanol affects neither ~~2 nor t h e dispersion amplitude, together w i t h arguments from vibrational spectroscopy [36] , leads t o t h e assumption t h a t NH$-methanol interactions and methanol-methanol interactions a r e o f comparable magnitude a n d t a k e place in t h e same time scale, governed by t h e lifetime o f t h e hydrogen bond, hence yielding ZL(NH$)=O. The bromide ion i s able t o induce a symmetrical polarization o f t h e solvent ( 2~( B r -) = 7 ) . with a residence time o f a methanol molecule in t h e coordination sphere which i s similar t o i t s reorientation time. 
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of t h e solvent dispersion [28,44.45.7] .
Such processes are also well known f o r 1 :1 electrolytes in low-permittivity solvents. such as ethers, which are intensively studied by t h e g r o u p s of Petrucci [46] a n d Lestrade [29] . Recently ion-pair relaxation processes were also f o u n d f o r 1 : l electrolytes in solvents of permittivities r a n g i n g f r o m 32 (methanol) t o 46 (DMSO): BuqNBr [17] , LiBr, Nal. and NaC104 in acetonitrile ( A N ) , Bu4NC104 in methanol and DMF, LiNCS in DMSO [16] . F i g u r e 3 shows A r g a n d diagrams of BuqNBr solutions in acetonitrile a t two concentrations[ 171; it represents t h e generalized complex p e r m i t t i v i t y q" v s . E' ( c u r v e s 1 a n d 31, eqs. (9) , and t h e diagram E" vs. E ' ( c u r v e s 2 and 4 ) a f t e r conductance correction. T h e individual contributions ( f r o m l e f t t o r i g h t ) of solvent relaxation. ion-pair relaxation, and conductances t o t h e solution p e r m i t t i v i t y are indicated by broken lines. Using Cavell's equation 1471 w i t h dipole moments vlp based on reasonable models f o r the ion pair, it i s possible t o determine t h e ion-pair concentration c~p from t h e experimental dispersion amplitudes E -E~; & 2 = c S . .
In t h i s equation alp i s t h e polarizability and f l p i s t h e reaction f i e l d factor o f t h e ion pair.
Comparing association c astants K A estimated w i t h t h e clp-data o f t h e tested ion-pair models w i t h l i t e r a t u r e values K k obtained by conventional methods, l i k e calorimetric o r conductance studies, allows t h e identification o f t h e polar species formed [ 4 9 ] . Some results are summar i z e d in Table 2 . where CIP stands f o r contact and SSIP f o r solvent-shared i o n pairs.
Except f o r NaC104 solutions in methanol, where t h e scattering of t h e data i s large, due t o t h e v e r y small IP dispersion amplitudes, additional information i s available from t h e relaxat i o n times T~P ( c ) . Assuming rotational diffusion as t h e predominating relaxation mechanism o f t h e ion pair, an increase o f TIP w i t h concentration must b e expected, since t h e viscosity increases w i t h increasing electrolyte concentration. Such ' a behaviour'.is f o u n d f o r LiNCS/DMSO and L i B r / A N solutions; data analysis reveals contact ion p a i r s as t h e relaxing species.
Surprisingly, an initial decrease of t h e ion-pair relaxation time w i t h increasing concentration was f o u n d f o r t h e majority of t h e investigated systems: BuqNBr, Nal, NaC104 in AN, and NaC104 in DMF, MgS04, CdSO4, CdCl2 in water, w i t h a minimum o f TIP around 0.5 M t o 1M.
This leads t o t h e assumption t h a t t h e kinetics of ion-pair formation
controlled by t h e r a t e constants o f formation, k12, a n d decomposition, kZ1, c o n t r i b u t e t o t h e experimental relaxation times. A n equation can be d e r i v e d [51, 52] , which p r e d i c t s a linear dependence o f t h e relaxation r a t e ~1 p -l on t h e concentration o f f r e e ions, ( c -c l p )
T h e f i r s t t e r m on t h e right side o f eq. (19) , ~l p l i s t h e single particle correlation time o f t h e r o t a t i n g ion pair; t h e second t e r m i s t h e relaxation time o f t h e k i n e t i c mode g i v e n by t h e kinetic time law u n d e r l y i n g e q . ( 1 8 ) . Indeed, t h i s equation i s reasonably followed up t o t h e concentration o f relaxation time minimum. The r a t e constants o f formation, k12, obtained from t h e slopes are given in Table 2 , together w i t h t h e r a t e constants of decomposition k~i = k l~/ K~ calculated w i t h t h e help o f ion-pair association constants f r o m t h e dispersion amplitudes of t h e ion-pair relaxation process. In all cases, TIP' obtained f r o m eq.(19) i s compatible o n l y w i t h t h a t t y p e of ion p a i r controlling t h e dispersion amplitude. a) q p constant b) re-analysis of conductance data from the literature CONCLUSIONS I m p o r t a n t i n f o r m a t i o n , n o t accessible by o t h e r t e c h n i q u e s , c a n b e o b t a i n e d w h e n d i e l e c t r i c r e l a x a t i o n s p e c t r o s c o p y o f high a c c u r a c y i s a p p l i e d o v e r a w i d e f r e q u e n c y r a n g e . F o r elec-
